Peripheral neuropathy (PN) is the most frequent neurologic complication in individuals infected with human immunodeficiency virus (HIV). It affects over one third of infected patients, including those receiving effective combination antiretroviral therapy.
Introduction

P
eripheral neuropathy is currently the most common neurologic complication associated with HIV infection, with over one-third of HIV-infected individuals exhibiting abnormalities of the peripheral nervous system (PNS) (Ellis et al. 2010; Ghosh et al. 2012; McArthur et al. 2005) . The most frequently reported clinical manifestation of HIV-associated peripheral neuropathy is distal sensory polyneuropathy (DSP), a progressive and often debilitating syndrome characterized by bilaterally symmetrical pain, numbness, and hypersensitivity that is most pronounced on the feet and lower legs (Keswani et al. 2002; Pardo et al. 2001) . In severe cases, sensory abnormalities may extend above the knees, or involve the hands (Gonzalez-Duarte et al. 2008) . While HIV-PN is not a life-threatening condition, symptomatic treatment with standard analgesic medications is often unsatisfactory. The relentless pain and paresthesias can be detrimental to patients' quality of life (Ellis et al. 2010; Krashin et al. 2012; McArthur 2012; McArthur et al. 2005) .
Although the widespread use of effective combination antiretroviral therapy (cART) has drastically improved morbidity and mortality in HIV-infected individuals and reduced the incidence of other neurologic complications such as HIV dementia, the prevalence of HIV-PN remains high in both well-resourced and developing countries (Ellis et al. 2010; Ghosh et al. 2012; Smyth et al. 2007; Wiebe et al. 2011) . It is now clear that several of the "d-class" nucleoside reverse transcriptase inhibitors (dNRTIs), including zacitabine, stavudine, and didanosine, are potently neurotoxic, and use of these agents to treat HIV can lead to antiretroviral toxic neuropathy (ATN), a syndrome clinically indistinguishable from primary HIV-PN (Moyle 2000; Simpson and Tagliati 1995) .
Exposure to protease inhibitors has also been proposed as a risk factor for the development of peripheral neuropathy, although this proposal remains a topic of debate (Ellis et al. 2008; Pettersen et al. 2006) . Dose reduction or discontinuation of known neurotoxic antiretroviral drugs is often the first step in clinical management of neuropathic signs in HIV patients, and for many patients, results in symptomatic improvement (Gonzalez-Duarte et al. 2008; Wiebe et al. 2011) . However, the frequency of DSP remains unacceptably high, despite declining use of dNRTIs, attesting to the ongoing importance of primary HIV-mediated PN, as well as contributions of other proposed risk factors such as advancing age, impaired immune status, metabolic abnormalities, and genetic predisposition (Canter et al. 2008; Evans et al. 2011; Kamerman et al. 2012b; Lichtenstein et al. 2005; Smyth et al. 2007 ).
The pathophysiologic mechanisms underlying HIV-PN are poorly understood. While the clinical features are consistent with a length-dependent "dying back" of sensory nerve fibers (Pardo et al. 2001) , it is uncertain whether HIV induces damage primarily to the neuron cell body at the level of the dorsal root ganglia (DRG), or if the inciting pathologic change is primarily damage to the peripheral nerve fiber, either of which could ultimately result in a distal axonopathy. Furthermore, while we know that HIV is unable to infect neurons productively, it is unclear whether the neuronal injury arising in HIV-PN is due to a persistent release of neurotoxic products caused by activated macrophages and satellite glial cells (tumor necrosis factor-alpha, IL-1beta, chemokines); expressions of neurotoxic viral proteins, such as glycoprotein (gp)41, gp120, or Tat, by infected peri-neuronal cells; or an additive combination of these processes (Acharjee et al. 2010; Bhangoo et al. 2009; Hahn et al. 2008; Kamerman et al. 2012a; Melli et al. 2006; Smith 2011) . These questions are difficult to study in HIV-infected individuals, due to the inability to repeatedly sample multiple components of the somatosensory pathway. The presence of confounding factors, such as treatment of the majority of HIV-infected individuals with cART and prevalent comorbid conditions also make study difficult. Thus, a robust animal model of HIV-PN is critical to dissect the underlying pathogenesis of this disorder and direct the development of new therapeutic strategies.
Simian Immunodeficiency Virus-Infected Macaque Model of HIV Peripheral Neuropathy
Simian immunodeficiency virus (SIV) infected macaques have been widely used to study host and viral aspects of HIV infection in humans. The appropriateness of such models is underpinned by the close resemblance of macaque immune responses during SIV infection to those of HIV-infected individuals; and extensive homology shared by SIV and HIV, including the binding of SIV envelope glycoprotein gp120 to the host receptors CD4 and CCR5 for viral entry (Sina et al. 2011) . Because SIV models vary widely with respect to progression to fulminant AIDS and development of neurologic disease, a refined pigtailed macaque model was developed to study SIV-induced CNS disease efficiently. This model, which entails simultaneous intravenous inoculation of pigtailed macaques with both the neurovirulent molecular SIV clone SIV/17E-Fr and the immunosuppresive virus strain SIV/DeltaB670, results in an accelerated and highly reproducible progression to AIDS within 84 days post-inoculation, with approximately 90% of SIV-infected macaques also developing encephalitis within this time frame Mankowski et al. 2002; Mankowski et al. 1997) . The encephalitis observed in these animals shares many morphologic similarities with HIV-associated encephalitis, including characteristic multifocal perivascular infiltrates of macrophages and the formation of multinucleated giant cells bearing replicating viruses (McArthur et al. 2005; Zink et al. 1997) . Furthermore, this model has been useful to study numerous translationally relevant aspects of SIV-associated CNS disease, including the effectiveness of neuroprotective agents, relevance of biomarkers in the CSF, characterization of neuroprotective MHC class I alleles, persistence of neuroinflammation with suppressive cART, and identification of CNS latency reservoirs Follstaedt et al. 2008; Mankowski et al. 2008; Mankowski et al. 2004; Meulendyke et al. 2012; Zink et al. 2010) .
Recapitulating the neuropathologic features of HIV-PN in rodent models has proved challenging. Because these species are not susceptible to infection by HIV, or a closely analogous lentivirus, in vitro rodent studies of HIV-PN have required the creation of transgenic mice expressing HIV gp120 in perineuronal cell populations, or direct inoculation of viral proteins into the peripheral nerves (Höke 2012; Keswani et al. 2006; Zheng et al. 2011) . To determine whether the SIV/pigtailed macaque model could serve as a reliable model for HIV-PN, key components of the sensory pathway, including samples of skin from the distal leg, sural, and sciatic nerves, and somatosensory ganglia including trigeminal and dorsal root ganglia, were collected from SIV-inoculated pigtailed macaques and examined at the morphologic and molecular level.
Lesions in Somatosensory Ganglia of Simian Immunodeficiency Virus-Infected Macaques
Studies examining the morphologic changes in both the trigeminal ganglia and lumbar dorsal root ganglia of SIVinfected pigtailed macaques revealed lesions that closely resemble those described in patients with HIV-PN (Keswani et al. 2002; Pardo et al. 2001) . Hematoxylin and eosin, (H and E)-stained sections of trigeminal ganglia, were evaluated for microscopic lesions by two pathologists and the severity of ganglionitis was scored as none, mild, moderate, or severe based on the degree and presence of infiltrating mononuclear cells, neuronophagia, and neuronal loss.
As illustrated in Figure 1 , the trigeminal ganglia from SIV-infected macaques contained multifocal perineuronal inflammatory cells, including macrophages and lymphocytes. In animals with moderate to severe ganglionitis there was evidence of neuronophagia, characterized by macrophages within the neuronal compartment of degenerate neurons, as well as nodules of Nageotte, with neuron cell bodies replaced by compact aggregates of satellite glial cells and macrophages ( Figure 1 , C and D) (Laast et al. 2007 ). Similar changes were also observed in the lumbar dorsal root ganglia, which house the neuronal cell bodies of sensory nerves in the lower limbs. A histologic grading scheme was not employed in this study (Laast et al. 2011) . Neuronal loss in the trigeminal and dorsal root ganglia was evaluated using the area fraction fractionator technique, a method to estimate neuron density. In both locations, significant neuronal loss was identified in SIV-infected macaques at 12 weeks postinfection (p.i.) when compared with uninfected control animals ( Figure 1E ) (Laast et al. 2011; Laast et al. 2007 ). In the trigeminal ganglia, decline in neuronal density was inversely proportional with the extent of macrophage infiltration as measured by CD68 immunostaining ( Figure 1F ) (Laast et al. 2007 ). Similar patterns of neuropathologic changes and macrophage infiltration into the DRG have been reported in a SIV-infected, CD8 T cell-depleted rhesus macaque model (Macaca mulatta) (Burdo et al. 2012 ).
Changes in Levels of Viral Replication and Inflammatory Markers Over the Course of Simian Immunodeficiency Virus Infection
To determine the temporal dynamics of SIV replication and associated neuroinflammatory changes in the PNS during disease progression, somatosensory ganglia from SIV-infected macaques euthanized during acute, asymptomatic, and terminal stages of infection were examined. In the trigeminal ganglia, SIV RNAwas detected by in situ hybridization in two of six animals euthanized at seven and ten days p.i., but none (zero of six) of the animals examined at 21 days p.i. showed SVI RNA in the trigeminal ganglia. In contrast, at 56 days p.i., viral replication was only detected in one of six infected animals (Laast et al. 2007 ). This pattern, in which low levels of SIV replication occurs during acute infection in the somatosensory ganglia, followed by suppression for 21 days, and subsequent recrudescence at 56 days, parallels the trend reported for SIV replication in the CNS of SIV-infected macaques (Clements et al. 2005 ). In the dorsal root ganglia, SIV replication was measured by qRT-PCR using SIV gag region primers and a probe. This was found to be relatively constant among animals euthanized at six through twelve weeks p.i., demonstrating that SIV replication in the DRG is continuous throughout the late asymptomatic and terminal stages of infection. At the terminal disease time point, approximately twelve weeks p.i., both the TG and DRG of SIV-infected macaques contained abundant SIV-infected cells; this abundance was demonstrated by immunostaining for the transmembrane glycoprotein gp41 (Laast et al. 2011; Laast et al. 2007 ). Similar to the pattern of HIV replication in human ganglia (Esiri et al. 1993) , SIV-infected cells were observed among infiltrating mononuclear cells, and the perineuronal compartment. To identify infected cell types, ganglia were double immunostained for gp41 and the macrophage marker Iba-1. Laser confocal microscopy revealed clear co-localization of SIV gp41 within Iba-1 positive macrophages, confirming that macrophages were the predominant infected cell type (Laast et al. 2011; Laast et al. 2007) .
To characterize the severity and composition of inflammatory changes in the somatosensory ganglia during SIV infection, immunohistochemistry and quantitative image analysis on sections of TG and DRG from animals euthanized at multiple time points post-SIV inoculation were performed. Immunostaining revealed a resident population of CD68-positive macrophages distributed diffusely throughout the perineuronal compartment in the uninfected controls and SIV-infected macaques. In the SIV-infected animals, this resident population of perineuronal endogenous macrophages stained more intensely than the controls and was accompanied by additional, randomly distributed infiltrating CD68 positive cells (Figure 1, E and F) . Although this immunostaining pattern likely represented concurrent activation of resident macrophages and infiltration by circulating macrophages, there are currently no available immunologic markers that can distinguish between these two populations. Compared to uninfected control animals, the total CD68 immunostaining was found to be significantly elevated in the DRG of SIV-infected macaques by six weeks p.i., and remained elevated at eight and twelve weeks p.i. (Figure 2A ) (Laast et al. 2011 ). CD68 immunostaining was also significantly higher in the trigeminal ganglia of SIV-infected macaques at terminal stages compared to the control animals (Laast et al. 2007 ). At terminal stages, a strong correlation between the amounts of CD68 immunostaining in the trigeminal ganglia and dorsal root ganglia ( p = 0.03, r = 0.64, Spearman's rank coefficient) was found. Contrasted with the increase in macrophages, there was modest decline in the number of cytotoxic T cells (TIA-1 + , CD3+) in the trigeminal ganglia of SIV-infected animals versus the uninfected controls (Laast et al. 2007) .
Several recent studies have proposed an integral role for glial cell activation in the induction and maintenance of neuropathic pain, including painful HIV-PN (Capuano et al. 2009; Gosselin et al. 2010; Shi et al. 2012; Villa et al. 2010 ). To determine whether satellite glial cells were immune activated during SIV-infection, DRG sections were immunostained for glial fibrillary acid protein (GFAP) followed by digital image analysis to measure GFAP expression. GFAP expression was significantly increased in SIV-infected macaques at six weeks p.i. and remained upregulated at eight weeks p.i. However, in animals euthanized at twelve weeks p.i., the median GFAP staining had declined to the control animal level ( Figure 2B) (Laast et al. 2011 ). These compelling results suggest that satellite glial cell activation plays a key role in the pathogenesis of SIV-induced damage to the DRG. Further studies in the SIV-infected macaque model may show the functional significance of SGC activation during disease progression, including its association with neuronal viability and sensitivity.
Simian Immunodeficiency Virus-Induced Functional Alterations in Peripheral Nerves
In contrast to the changes observed in the somatosensory ganglia, little morphologic evidence of neuritis or damage to myelinated fibers was found by examining plastic-embedded, toluidine blue-stained sections of sural and peroneal nerves (Laast et al. 2011) . A similar paucity of lesions in sural nerve biopsies has been reported in HIV neuropathy (GonzalezDuarte et al. 2008; Gonzalez-Duarte et al. 2007 ). Possible explanations for this observation include the extensive length of peripheral nerves and multifocal distribution of inflammatory changes, as well the primary involvement of small, unmyelinated fibers. Given the lack of widespread inflammatory lesions in the peripheral nerve, the focus of the investigation of peripheral nerves was concentrated on alterations in neurophysiology, the correlations between these changes, and SIV-induced pathology in the DRG.
Because current clinical methods of measuring peripheral nerve conduction velocity (CV) are relatively insensitive to changes in small unmyelinated fibers, these electrophysiologic studies are often of limited diagnostic value in patients with HIV-PN (Gonzales-Duarte 2007 . To circumvent this limitation, an ex vivo teased fiber technique used to measure CV in single, unmyelinated fibers in the sural nerves from control and SIV-infected macaques was employed. Electrophysiology experiments demonstrated a significant decrease in mean C-fiber conduction velocity in SIV-infected macaques by twelve weeks p.i., during late stages of the disease ( Figure 3A) . Additionally, as shown in Figure 3B , there was strong inverse correlation between mean C-fiber CV of SIV-infected animals and the degree of CD68 expression in the DRG, indicating that the extent of macrophage infiltration in the DRG corresponded closely with functional changes in C-fiber conduction properties (Laast et al. 2011 ).
Epidermal Nerve Fiber Density Declines with Simian Immunodeficiency Virus Infection
Skin biopsies have proven to be an invaluable tool in the clinical diagnosis of small fiber neuropathies, and have largely replaced more invasive sural nerve biopsies for the assessment of conditions including diabetic neuropathy and HIV-PN (Ebenezer et al. 2007; Lauria and Lombardi 2012; McArthur 2012) . As illustrated in Figure 4A , immunostaining of skin sections with pan-neuronal marker PGP9.5 allows for the visualization and quantification of epidermal nerve fiber density (Wendelschafer-Crabb et al. 2006 ). In HIV-infected patients, decreased ENF density in the skin of the distal leg has been shown to correlate with lower CD4 counts, higher viral loads, and the presence of neuropathic pain (Polydefkis 2006; Polydefkis 2002) . To examine whether a parallel decline in ENF density occurs in SIV-infected macaques, cutaneous biopsies from footpads were collected at necropsy, immunostained for PGP9.5, and analyzed by quantitative image analysis. Compared with uninfected control animals, SIV-infected animals exhibited a progressive decline in ENF density throughout the disease, resulting in a significant decrease by eight weeks p.i. and a marked reduction at twelve weeks p.i. (Figure 4 , B and C) ( Laast et al. 2011) . As a point of note, rhesus macaques inoculated with the same combination of viruses do not develop a significant decline in ENF density, suggesting that additional host factors are involved in PNS damage (unpublished, in-house data) .
Simian Immunodeficiency Virus-induced Impairment of Neurovascular Regeneration
In addition to simulating HIV-induced damage to the peripheral nervous system, the SIV-infected macaque model has also been used to study the impact of infection on the capacity of peripheral nerves to regenerate following injury. Similar to techniques previously described in humans (Rajan et al. 2003) , an excisional intracutaneous axotomy model in macaques to study both the normal features of nerve regeneration in this species and the effect of SIV infection on this process was utilized. Briefly, cutaneous axotomies were performed at two-week intervals following SIV inoculation using 3mm circular skin punches to transect the epidermis and dermis. On the 70 th day after the initial axotomy, all 3mm punch incision sites were harvested using a 5mm skin punch, producing skin samples containing excision sites from 14, 28, 42, 56, and 70 days post-axotomy. Samples were then immunostained for the pan-neuronal marker PGP9.5, and the length of the regenerating epidermal nerve fiber sprouts within the axotomy site was compared to the length of normal epidermal nerve fibers located outside of the initial axotomy zone. In both SIV-infected and uninfected macaques, epidermal reinnervation was rapid and complete by 56 days post-axotomy, which is in contrast to the slower, incomplete reinnervation observed in humans following this technique (Rajan et al. 2003) . However, in SIV-infected animals epidermal nerve fiber regeneration was delayed at every time point post-axotomy when compared to uninfected controls ( Figure 5 ) (Ebenezer et al. 2009 ).
Because Schwann cells play a crucial role in guiding axonal regrowth following injury (Albers and Davis 2007; Bentley and Lee 2000; Song et al. 2006; Thompson and Buettner 2006) , the degree of Schwann cell migration into denervated epidermis by immunostaining for Schwann cell marker p75 nerve growth factor receptor was assessed. In both control and SIV-infected animals, Schwann cell density was highest at the earliest time points (post-axotomy), and declined at a similar rate in both groups. At every time point post-axotomy, the SIV-infected animals consistently had lower mean Schwann cell density measurements than the uninfected controls (Ebenezer et al. 2009 ). It remains to be determined whether the Schwann cell density decrease detected post-axotomy in SIV-infected macaques represents impaired Schwann cell proliferation, reduced migration, or a combination of these factors.
Another key contributor to axonal regeneration following injury is the regrowth of blood vessels, which travel in close morphologic approximation with nerves forming a well-organized network of neurovascular bundles. Further studies investigating neurovascular repair in the pigtailed macaque model revealed that while SIV-infection does not affect blood vessel regrowth at cutaneous biopsy sites, expression of vascular endothelial growth factor (VEGF) around regenerating neurovascular units, measured by immunostaining, is lower in SIV-infected animals compared to controls. Additionally, a strong positive correlation was demonstrated between VEGF expression and the extent of ENF regeneration (Ebenezer et al. 2012) . Downregulation of VEGF expression may alter the perivascular extracellular matrix such that it is less conducive to nerve regrowth. Taken together, these results indicate that SIV-infection leads to deficient epidermal nerve fiber regeneration and that this impairment is mediated, at least in part, by altered Schwann cell migration and decreased VEGF expression along neurovascular tracts. In addition, these studies illustrate that the macaque model can accelerate study of human nerve regrowth biology.
Conclusion
SIV-infected pigtailed macaques share key features of HIV-associated peripheral neuropathy, making this model invaluable for understanding the complex pathophysiologic mechanisms of HIV-PN, and showing new therapeutic targets. By sampling and examining key components of the peripheral nervous system at multiple time points throughout SIV infection, it has been found that the virus infects and immune-activates perineuronal cells of the somatosensory ganglia during early stages of infection. This sets the scene for insidious neuronal damage that becomes evident later in the disease by decreased neuronal density in somatosensory ganglia, altered C-fiber conduction properties, and decreased epidermal nerve fiber density. SIV-infection also impairs the regenerative capacity of small epidermal nerve fibers, a Figure 5 SIV infection results in delayed epidermal nerve fiber regeneration following cutaneous axotomy. When compared to uninfected control macaques, ENF length was significantly lower in SIV-infected animals at days 14 (P = 0.01, Mann-Whitney test) and 70 post axotomy, indicative of delayed ENF regrowth at the axotomy site. Reprinted with permission from Ebenezer et al. (2012) .
factor that will be imperative to address when designing therapeutic strategies for HIV-PN. Another notable outcome of these studies in the pigtailed macaque model is the development and refinement of various techniques to assess peripheral nervous system integrity. These tools are applicable to studies of HIV-PN, and will be instrumental for studies involving non-human primate models of other clinically relevant small fiber neuropathies including those associated with diabetes mellitus and cancer chemotherapy.
